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THEORETICAL PERFORMANCE CHARAC’I%RISTICSOF SHARP-LIPINLETS AT
SUBSONIC SPEEDS 1

By EVAN A. FRADENRUEQHand DEMAEQIJISD. TVYAm

SUMMARY

A methodh premntijor the intimationoj thewLbsoni@ght-
speed characteri8tic8of 8h4wp-lip inlets applica.bb‘to 8upersonic
aircrajt. The anulymk, bawd on a simple momentum balance
contiration, permiih h computation of inZe&pre3wwe-
recov~-m.a38-- relalti and addiiivedrag caq%ienti jor
jorward velocitiesfrom zero to the speed of sound.

Th8 penaltim jor operation oj a sharp-lip inlet at velocity
ralw8 other than 1.0 may be 8evere; at lower velocity ratio8 an
additive drag k incurred that ti not canceUedby lip wction,
while at higher velocity ratw8, unavoidable lasstx in inlet total
prewure will result. In parttir, at tlw i!ake-o~ condition,
the totalprewure and the maw J%Wjor a choked inlet are only
79 perceni oj the valua Mea$ly attainable with a rounded lip.
ExperimtaJ dataobtainedat zero qweo?with a sharp%p super-
sonic inlet model were in substantialagreemtmtwith the theoret-
ical rewdts.

.

INTRODUCTION

Air inlets designed for operation at supersonic speeds
generally must employ thin, sharp lips if the large drag
penalties associated with blunt lips at these speeds are to be
avoided. A turboje~powered supenxmic aircraft must take
off and accelerate at subsonic Mach numb em, however;
therefore, it is of importance to be able to estimate sharp-lip
inlet clmmcteristics in the low-speed range as well as at
supersonic velocities.

This report presents a simple method developed at the
NA~A Lewis laboratory for estimating the zero-angle-of
attack characteristics of shmp-lip inlets at subsonic flight
speeds. Total-pressure recoveries and additive-drag coeffi-
cients are presented for flight velocities from zero to the speed
of sound over the full range of inlet operating conditions.

SYMBOLS

The following symbols me used in this report:

A flow mea
A, area projection on plane normfbl to inlet axis
a local speed of sound

a~
( )

‘Y-1 +
stagnation speed of sound, a 1+~ W

b external body surface

C.a
Da

additive-drag coefficient, —

Da
!@&

additive drag
I’ lip suction force
it’!i Mach number, V/a

‘rplw
m mass flow, pVA=T

m* reference mass flow (eq. (5))

P’

P

!l
8,81
v
@

‘r
P

static pressure ‘

dynamic pressure, ~ pV=~ PLW

streamlines
velocity
momentuni parameter, mV+ (P-PJA=YPWA+-

(P-PO)L4
ratio of specilic heats, 1.4 for air
mass density -

Subscripts :

d external downstream station
t throat
o free stream
1 inlet
2 diffuser outlet

ANALYSIS

DKTERMINATION OF DTL~ MOMENTUM PARAMETER

The inviscid-potential-flow pattern into a cylindrical air
inlet operating at subsonic free-stream Mach numbers is
shown schematically in figure 1 (a). (The word “cylin-
drical” does not necessarily imply a circular cross section in
this report.) The stagnation point of the dividing stream-
line .soccum tilde of the lip for inlet velocity ratios less than
1.0 (corresponding to MJMO<l or &/Al<l) and outside
of the lip for velocity ratios greater than 1.0 (ilJ1/Mo>l or
&/A,> l), as shown in reference 1 for the two-dimensional
incompressible ewe. Two important characteristics of this
id ml flow may be mentioned: (1) ‘I!he total pressure is con-
stant throughout the flow field, and (2) a finite suction force
I’ exists on the lip a-s indicated by the dashed vectom.

For extremely thin inlet lips, the actual flow will diifer
substantially horn the ideal case. In particular, a zero-
thicknes.s lip cannot sustain any suction force, and the flow
cannot turn the 180° required to stay attached to the wall.
The total pressure of the actual flow will not remain con-
;tant hi the regions affected by the resultant separation.
As indicated in figure 1 (b), for AJA1<l the external flow
will be separated, while the internal flow will not. The in-
ternal flow for this case will be isentropic, with skin friction
neglected, and will have a streamline pa{tern similar to the
ideal case. In like reamer, for &/Al> 1 the mterna,l flow
will be similar to the ided, but the.internd flow will be sepa-
rated with a resultant loss in total pressure. The actual
flow phenomena are complex, but one-dimensional approxi-
mations to total-pressure recoveries and inlet forces may be
determined by a simple momentum balance consideration.
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Inlet velooity ratio greater than I. O.—For the actual flow
into an inlet for -reloci@ ratios grater than 1.0 (AJ’l>l),
the inlet conditions will not be uniform but maybe approxi-
mated by an equivalent one-dimensional flow of the same
mm.s flow, energy, and momentum parameter. With tlds
assumption of one-dimensional flow, the irdet station may
be considered to be at any point within the constant-mea
section behind the lip. The conservation of energy require
ment will be satisfied if the total temperature and, conse-
quently, the stagnation speed of sound of the flow is held
constant. Calculation of the inlet momentum paiameter as
a function of mm-s flow will permit the calculation of all the
characteristics of this equivalent flow.

The momentum parameter of the internal flow at the inlet
~, is equal to the free-stream value plus all forces exerted on
the internal flow in a downstream directiorL These forces,
for veIocity ratios greater than 1.0, include the lip suction
force Z’ and the integral of the pressure increment along the
stagnation streamline up to the stagnation point (all preswre
forces me referenced to free-stream static pressure).

J
*,=’%+1’+ (p-po)dfl= (A,/A,>l) (1)

#

The pressure integral in equation (1) may be evaluated
by replac&~ the stagnation streamline for iigure I (b),
.4JA1>1, by a solid boundary and determin@ the inviscid-
potential-flow force on this boundary. This may be done
with the aid of the theorem that the drag of any closed body
without sharp edges is zero in subsonic inviscid flow. This
theorem may easily be extended to show that the drag of
a body begiming and ending with cylindrical sections of
infinite length parallel to the free stream is *o zero (ref. 2,
appendk I). With the assumption that the stagnation
streamline for figure 1 (b), z4JAI>I, is independent of

F

s

Inlet axis_. —_ —- —- —.—. —
Velocity mtb <1, ~/Al < I )

(a)

a

s
Inlet axis—. —- —- —-— -—-—

downstream disturbances, this modilied theorem indicates
that the pressure integral in equation (1) must be zero for n
cylindrical inlet. A mathematical proof of this fact may bo
found in the appendix.

The expression for the inlet momentum parameter (eq,
(l)) is consequently reduced to

@,=@~+F (Ao/A~>l) (2)

For a zero-thickness lip, F=O, so that

@l= @~ (sharp lip, AJA,>I) (3)

Thus for a ‘sharp-lip cylindrical inlet at velocity rntios
greater than 1.0, there is no change in the momentum pmwm-
eter horn free stream to the inlet.

Inlet velocity ratio less than 1,0.—For inlet velocity ratios
less than 1.0 (&/Al< l), the only force exerted on the internal
flow between free stream and the stagnation point insicle tho
lip is the pressure integral along the stagnation streamline

J
i=@o+ , (P–Z%W4Z (Ao/A,<I) (4)

In contrast with the case of velocity ratios grater than 1.0,
the pressure integral in equation (4) is not generally zero.
The inlet momentum parameter for this case may be deter-
mined by the condition that the total pressure of the interred
flow is constant. For a given free-stream condition, the
inlet Mach number and the total pressure are sufiiciont to
determine the value of the pressure integral in equation (4)
and the inIet momentum parameter @l.

,

EVALUATIONOFSHARP-LIPINLRT-PRESSURE-RECOVBRY-MASS-PLOW
REL4TIONS

.

The mass flow through the inlet is

Inlet OXIS—- —- —— —-— -— -—

Velocity ratia > I, (Ao/Al>l)

> \
.- SIagnotion point

‘w
Inlet axk— -— -— -—-— - —-—

Velocity ratio <1, @fil<[)
(b)

Velocity mtia >1, (A&Al > I )

(a), Invisoid potential flow.
(b) Actual fiOW.

FIGURE1.—F1ow patterns for sharp-lip inlet.
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FmunE 2.—Variation of inlet total-pressurerecovery with mass-flow
ratio for ebarp-fip inlet.

where
a=

( )
2’-1 3

- 1+~ lW
a

A reference mass flow is defined as the value corresponding
to choking (M= 1.0) at the inlet flow area at flee-strmm total
prwmre:

~. ‘p”(ar.4%r.iA’= %

The mass-flow ratio for ‘r= 1.4 is then

%*=’+$(a@f%)l

(5)

(6)

l’or irdet velocity ratios less than” 1.0, the total pressure
at the inlet is equal to the free-stream value

~=1 ;
P“ “ (Ao/Al<l) (’)

For inlet velocity ratios greater than 1.0, the inlet totrd
pressure is determined by the momentum parameter relation
(eq. (3)) and the mass-flow continuity relation. l?rom
equation (3),

@l=Y@@Al+ @l—po)A1=@o=7z@&z& (*w liP,

zIJA,>I) (8)

The continuity relation may be written

“(”3+=P”(-%90A”
(9)

Combining equations (8) and (9) and using the relation

~l_Pl fpm” “~da the follotig expression for the Met
KG (p/P), yl
total-prtiure ratio:

(sharp lip, A&l,>l)

(lo)

The inlet total-pressure recovery is thus a function only
of the hm-stresm and Met Mach numbers. Because the
pressure recovery and the irdet Mach number determine the
masa-flow ratio (eq. (6)), the pressure-recovery-maw-flow
relation is uniquely determined by the free-stream and inlet
Mach numbem. This relation (eqs. (6), (7), and (10)) ia
plotted in figure 2 for free-strerun Mach numbers fbm zero
(corresponding to static or take-off condition) to 1.0. At an
inlet Mach number M, equal to 1.0, decreasing the difFuser-
outlet pressure w-ill not increase the maw flow but will result
only in supersonic flow in the divergent part of the d.iiluser,
with rwdtimt additional pressure losses, so that the curves
drop off vertically from this point.

The penaltiea for operating a sharp-lip inlet near choking
are sevwe for low fiee4rewn M&h numbers. At zero
forwwrd speed, the total-presswe recove~ and the mass-flow
ratio me each 0.79 for a choked inlet, compared with 1.0
ideally attainable with an inlet of large lip radius.

The relation betweea the mass-flow ratio as deiined and
the flow area ratio may be determined by combining equa-
tiOD9 (6) and (9):
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Ao=o 578 7n/m*
Al “

(P/p)o(M:).

This equation is plotted for convenience

(11)

in figure 3 for a

range of free-stmwm Mach numb em. For MO= O, this area
ratio is infinite for all finite mass flows. Also included in this
figure for reference purposw me lines of constant inlet Mach

VI M,aq
number Ml snd lines of constant veloci~ ratio —=—V. MA’
both corresponding to the sharp-lip case.

The only pressure losses discussed so far are those necessi-
t~ted by the inlet momentum consideration. According to
tlm onedimemional approximation, thwe lores must occur
in some mrmner ahead of the inlet. Presumably the actual
losses occur throughout the inlet region, mainly by the
mechanism of turbulent mi$ng. Additional losma can be
mpected to occur in the difhser behind the inlet and must
be considered in an over-all performance evaluation. These
losses may be approximated by assuming that the decrease
in total pressure from the inlet to the diiluser outlet is
proportional to the inlet dynamic pressure:

P1–Ps=kql=k&Mi

The value of k selected for a welldesigned difluser is 0.135,
which corresponds to a 5-percent total-pressure loss for
Ml= 1.0. The resultant variation of diffuser total-pressure
ratio with inlet Mach number is plotted in figure 4. This
estinmted diihmer pressure recovery is combined with the
inlet recovery (fig. 2) and the resultant over-all pressure
recovery is plotted against the mass-flow ratio in figure 5.

Also presented in figure 5 are some eqerimental data
obtained in quiescent-air tests of a sharp-lip inlet designed
for supersonic speeds. This inlet, which is sketched in
figure 5, was a semicircular scoop mounted on a flat plate,
with a 25° half-angle-cone centerbody. The external lip
angle measured from the inlet centerline was approximately
20”, This model, although considerably different from the
cylindrical inlet assumed in the analysis, gave results quite
similar to the theoretical zero-speed variation. The maxi-
mum mass flow measured was in excellent agreement with
the theoretical value. The experimental pressure recovtie5
were somewhat lower than the estimated values, which

.

I?IGURE 5.—Esthnated over-all total-prewre recovery for sharp-lip
inlet.

suggests that the diffuser losses -were higher for this model
than those assumed. Data have not been obtained for this
model at finite subsonic for-ward speeds.

ADDITIVEDRAG

The thrust of a jet-engine installation is conventionally
defined as the outlet momentum parameter minus the free-
stmam momentum of the ah passing through the proptilve
duct. When the inlet momentum parameter is not equal
to the tlee-strwun momentum, the difhrence between the two
values must be added to the external drag of the aircaft
to make the res@tant thrust-minus-drag equal to the actual
net force. In the ideal case of a rounded inlet lip operating
at subsonic speeds, the lip suction force just cancels this
additive drag, so that the sum of these two forces pay be
neglected. No cancellation will occur, however, if the inlet
lip is extremely thin and sharp. WIti the additive drag
Da defined as %-%, tie wr~ion for tie additive~ag
coefficient based on the inlet area is

For a sharp-lip inlet operating at velocity ratios greater
than LO, horn equations (3) and (12),

CD==O (Shw liP, 4L4>U (13)

For velocity ratios less tkm 1.0, the additive hag is
evaluated by the condition that P,=PO (eq. (7)). This
relation, combined with equations (9) and (12), yields the
following expression for the additivedrag coefficient:
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J?mum 6.—Additive-drag coeflhient for sharp-lip inlet.

()~~
CD.=*O (’r.w ~o– 1)–2= U ‘ (Ao/A,<l)

(z&lo ~%
() a.

(14)

The additive-drag coefficient is thus a function only of .Mo
smd J41. A plot of C~c (eqs. (13) and (14)) aggt mass-flow
ratio is presented in figure 6. It should be pointed out that
the values shown for velocity ratios less than 1.0 (MI<Mo)

am equal to the net inlet drag only for a zero-thiclmm lip.
For any bite thickness some cancellation of this drag due
to lip suction will occur, and in the ideal case the theorei%
ical lip suction (ref. 1) is exactly equal to the additive drag.
For velocity ratios greater than 1.0, the net inlet drag will
be zero for both sharp and rounded lips.

The additivedrag coefficient is highest at low mass-flow
mtios and high free-stream Mach numbers. Operation of
a sharp-lip inlet at velocity ratios greatar than 1.0 avoids
the additive drag but results in inlet total-pressure losws-
(fig. 2). Evidently a velocity ratio of 1.0 is the only condi-
tion for a sharp-lip inlet that avoids both additive-drag and
pressur+recovery penalties. Ideally, a well-rounded lip
permits operation at any veloci~ ratio without penalty.

., ZFFECl!OFINTERNALCONTRA~ON

In some supemonic-inlet designs, a contraction in flmv
area is placed behind the idet to reduce the supersonic Mach
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~GUEE ‘7.-Effect of contraction ratio on inlet Maoh numbnr

number befm,e the terminal shock occurs, thereby reducing
the shock losses. In order to estimate the effect of internal
contraction on inlet performance at subsonic speeds, it is
assumed that isrmtropic flow occurs between the inlet and
the minimum area or throat. The m~-flow continuity
relation may be written

P@:)lAI=,@:),A,

or, since Pt is assumed equal to Pl,

wPh@!f:),=(P/P,h(q),+ (lb)

11’ith the use of equation (15), the inlet Mach number is
plotted as a function of the contraction ratio AJA1 and the
throat Mach number in iigure 7. Totd-pr-ure-recovery—
mass-flow-ratio characterktiw may be estimated for any
value of inlet contraction ratio by finding the inlet Mach
number i’M as a function of throat Mach number from this
figure. The inlet Mach number thus determined and the
free-stream Mach number may then be used directly to
determine the inlet tital-pressure recovery, the mass-flow
ratio, and the additive drag from fiemes 2 and 6. The
subsonicdiifuser 10WM in this ca9r3 may be estimated iLp-
proximately from figure 4 by using the throat Mach number
lkft rather than Ml as the abscissa.

In order to illustrate some of the effects of contraction
ratio, the inlet total-pressure recovery, m~-flow ratiol and
additivdrag coefEcient are shown as a function of the con-
traction ratio in iigure 8 for critical flow conditions (chokod
at throat, .ihft=l:O). The inlet pressure recovery PJPO is

.
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I?IGURE 8.—Effcot of contraction ratio on sharp-lip inlet performance
at critical flow (throat Mach number, 1.0).

increased by a contraction for the lower free-stream Maoh
numbers because of the reduction in inlet Mach number. A
mass-flow ratio m/m* ~, where m*~ corresponds tQ isentropic
choking at the throat area At rather than the inlet area Al,
is equal to l’@. for this case. Thus the mass flow for a
given minimum flow area At increases as the ratio of throat
are~ to inlet area decreases. The mass-flow ratio based on
choking at the inlet mea m/m*,however, decreases as AJA1
decreases. It may also be seen that an interred contraction
carries rm additivedrag penalty at the higher free-stremn
Mach numbem, because the inlet veloci~ ratio becomes leas
than 1.0.

CONCLUDING REMARKS

It has been shown that the subsonic-fl.ightipeed character-
istics of sharp-lip air inlets applicable to supersonic airoraft
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(a) Curved COWL Velooity ratio greater than 1.0.
~) l%tivalent solid boundary.

.

(c) CWmh’ical COWL Volooity ratio greater than 1.0.
(d) Cylindrical cowl. Veloaity ratio kc than 1.0.

FIGURE 9.—Inlet flow patterns.

may be estimated by a simple momentum balance considera-
tion. Pressure-recovery-mass-flow relations and additive-
drag coefficients may be calculated for flight velocities from
zero to the speed of sound over the full range of inlet operating
conditions.

The penalties for operation at inlet velocity ratios other
than 1.0 may be severe; at lower velocity ratios an additive
drag is incurred that is not cancelled by lip suction, while at
l@her veloci@ ratios, unavoidable losses in inlet total
presmre will result. In particular, at zero forward velocity
(take-off condition), the tot&pressure recovery and the
mass-flow mtio for a choked inlet are only 79 percent of the
values ideally attainable with a rounded lip. Experimental
data obtained at zero speed with a sharp-lip supersonic inlet
model were in substantial agreement with the theoretical
rwults.
LEWIS I?LIGHT PROPULS1ONL~BORATOEY

NATIONfi ADVISORY CO~EE FOR AERONAUTICS
CLnVELAND, OHIO, July %?’,’19453
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APPENDIX

EVALUATION OF PRESSURE INTEGRAL ON STAGNATION STREAMLINE FOR INLET VELOCITY RATIOS GREATER THAN 1.0

The flow into an Met for velocity ratios greater than 1.0
is represented schematically by figure 9 (a). The stagnation
streamline ~ labeled s and the exterior body surface down-
stream of the stagnation point is labeled b. The external
flow may be considered independently of the internal flow
by replacing the staggtio~ streamline by a solid boundary,
as in figure 9 (b), and linding the invistid-potential- flow
solution for the pressure integral of this boundwy. It is
assumed that tie inlet region is connected to the rest of the
aircraft by a cylindrical section of sufficient length to make
the flow near the inlet independent of disturbances caused
by other components of the aircraft. Thus in figure 9 (b)
the solid boundary may be assumed to be extended to Mnity
in both directions without changiqg the flow near the inlet.

The static pressure at the downstream infinity station d
will be equal to the free-stream static pressure. The total
pressure is assumed constant, and thus the Mach number at
d &ll be equal to the fkee-stream Mach number:

pd=pO

pd=p~ .(Al)

itfd=itfo

When the flow between the solid boundary (g and 6) and a
stremnline s’ is considered, the mass flow must be equal at
the$wo stations:

( ‘Y-1 )7p&.ii~ 1+~ JWO
+’

=mo
%

(A2) ,

From equations (Al) and (A2), it is evident that the flow
arms at the two stations must be equal:

Ad=& (A3)

The di&rence in momentum parameter at the two stations is
therefore ,

@~–@O=Yp&fj&+@~—pO) A~—7p01&40=0 .(A4)

As there is no ehnge in the momentum pammeter betweo~
the two stations, the combined longitudinal force ons, Z),and
8’ must be zero. By selecting a stre~ndine 8’ Q sllllicienb

disknce from 8, the Werence between the static pressure on
s’ and the free-stmmn static pressure may be made to op-
proach zero. Since the longitudinal area projection AA of
this streamline is iinite, the longitudinal force on 8’ must be
zero. Thus the combined longitudinal force on s tmcl b
must also be zero:

‘J J
(P–PO) ~z+ *(P-PO) .dAz=o

r.
(A6)

nor a cylindrical cowl (fig. 9 (c)), the body surface clown-
stream of the stagnation point has no longituclimd area
projection as long as the stagnation point of the flow occurs
on the externfd cykdrical portion. Thus for this cam, tflm
longitudinal force on 8 is zero:

J,(p-pJ dAz=o (A6)

The preceding analysis may be extended to the case of
inlet velocity ratios less than 1.0. Figure 9 (d) represents
this case for a cylindrical cowl. Equation (A5) indicates
that any pressure force on the stremnlines is crmcelled by the
lip suction force F. It should be noted, however, that this
result is dependent on the assumption of constant total
pressure for the external flow. If the inlet lip is thin, the
external flow will sepm-ate at the lip and the total pressure
will not be constant; therefore, the proof does not apply.
The pressure force on the streamline t?will, in general, bo only
partially cancelled by lip suction for this case.
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